Introduction 57
Telomeres are repetitive nucleoprotein structures that protect the ends of linear 58 eukaryotic chromosomes from degradation and recognition as double-stranded DNA 59 breaks (Maciejowski and de Lange, 2017, Shay, 2016) . In most human somatic cells, 60 which are deficient for telomerase reverse transcriptase, telomeres erode over 61 progressive cell divisions, eventually triggering replicative senescence (Holohan et al., 62 High levels of TERRA and loss of the histone H3.3 chaperone subunits ATRX and 132 DAXX commonly occur in human ALT cancers (Flynn et al., 2015 , Lovejoy et al., 2012 . 133
The ATRX/DAXX complex mediates histone H3.3 incorporation at telomeres and 134 interacts with methylated H3K9 and HP1 to promote heterochromatin formation (Wong 135 et al., 2010) , which has been proposed to repress ALT by protecting telomeres from 136 replication stress and TERRA expression (Udugama et al., 2015) . We have previously 137
shown that 10-20% of C. elegans strains that are deficient for telomerase can be 138 maintained indefinitely through the activation of ALT (Cheng et al., 2012) . Because 139 human ALT cancers are characterized by ATRX-mediated heterochromatin dysfunction, 140
we reasoned that small RNA factors that promote heterochromatin silencing might 141 regulate the establishment of ALT. We tested this hypothesis by passaging trt-1 142 telomerase mutant strains that were deficient for biogenesis of either primary or 143 secondary siRNAs by transferring 100s of worms per strain weekly, which reliably 144 allows survival of 10-20% of strains via ALT (Cheng et al., 2012) . Loss of either primary 145 siRNAs (trt-1; dcr-1) or downstream secondary siRNAs (trt-1; mut-7 and trt-1; mut-14) 146 did not significantly alter the proportion of strains that survive via ALT ( Figure 1A , Table  147 S1). Similarly, loss of the histone H3.3 chaperone XNP-1/ATRX itself did not affect the 148 establishment or maintenance of ALT (Table S1 ), indicating that loss of neither siRNA-149 nor XNP-1/ATRX-mediated heterochromatin formation is sufficient to promote ALT. 150 151 Small RNA and heterochromatin factors repress rapid sterility when telomerase is 152 deficient 153 C. elegans strains mutant for telomerase reverse transcriptase, trt-1, become uniformly 154 progressively sterile -analogous to crisis that is induced by telomere erosion, 155 chromosome fusion and genome catastrophe in checkpoint-deficient telomerase-156 negative mammalian cells -when 6 worms are passaged weekly (Ahmed and Hodgkin, 157 2000), which eliminates survival via ALT (Cheng et al., 2012) . Intriguingly, when 158 passaged by transferring 6 L1 larvae per week, trt-1 mutant lines lacking primary or 159 secondary siRNA biogenesis factors became sterile significantly faster than trt-1 single 160 mutants ( Figure 1B , Table S2 ). siRNA-deficient trt-1 strains rapidly accumulated end-161 to-end chromosome fusions by generation F12, a characteristic of telomerase mutants 162 that have grown for more than 20 generations (Figure 1G ). These strains also displayed 163 high levels of DNA damage by generation F6 that were not observed for trt-1 single 164 mutant controls ( Figure 1H ). As oocyte karyotypes can only reliably detect the 165 presence of multiple chromosome fusions, we performed genetic crosses that would be 166 capable of detecting a single heterozygous end-to-end chromosome fusion (Ahmed and 167
Hodgkin, 2000). Chromosome fusions cause non-disjunction events during meiosis that 168 elicit dominant embryonic lethality or X0 male phenotypes in progeny of heterozygous 169 F1 animals. We crossed four independent trt-1 dcr-1 F4 hermaphrodites and failed to 170 detect fused chromosomes that were present in generation F24 trt-1 mutant controls (p 171 = 3.841e-05 for males and p = 3.61e-05 for dead embryos, Mann Whitney U test) ( Table  172 S3). Together, these results suggest that loss of small RNAs and telomerase elicits 173 telomere damage but not telomere fusions in early generations, and that the rapid 174 sterility of these strains in later generations is promoted by critically shortened 175 telomeres that give rise to abundant end-to-end chromosome fusions. Small RNA 176 factors required to prevent this accelerated sterility included RDE-4, which binds 177 endogenous dsRNA and forms a complex with the Dicer nuclease DCR-1, and the 178 Argonaute RDE-1, which acts with the RNA-dependent RNA polymerase RRF-3 to 179 promote production of dsRNA-derived primary siRNAs (Gent et telomeres than wildtype or trt-1 mutant strains ( Figure S1 ), which implies that the 188 accelerated sterility of small RNA-deficient trt-1 mutant strains is unlikely to be a 189 consequence of short telomeres that are inherited from gametes of small RNA-deficient 190 grandparents. We tested this premise using genetics, by crossing a trt- (Figure 1G ), we conclude that telomere maintenance is not 200 impaired in small RNA-deficient lines in the presence of telomerase. We analyzed the 201 dynamics of telomere erosion using terminal restriction fragment analysis, but did not 202 observe an obvious difference between trt-1 and siRNA-deficient trt-1 mutant strains 203 to 3 mismatches were substantially more abundant than those with perfect telomere 280 repeat sequence (1 per 100,000). Telomeric siRNAs with zero to two mismatches were 281 significantly more likely to be composed of the telomeric G-strand sequence than would 282 be expected by chance (p < 2.2e-16, binomial test) ( Figure 3E ). The proportion of 283 telomeric siRNAs with one or two mismatches beginning with a G nucleotide was 284 significantly greater than that for all mappable reads (p < 1e-15, Fisher's exact test) and 285 the median length for these RNAs was 22 nucleotides ( Figure 3D , F), suggesting that 286 telomeric siRNAs mapping imperfectly to telomeres are enriched for 22G RNA species. 287 This is consistent with the model that primary siRNAs recruit RNA-dependent RNA 288 polymerases to target RNAs in order to create secondary effector siRNA populations de 289 novo that are highly enriched for 22G RNAs (Gu et al., 2009 ). We compared levels of 290 telomeric siRNAs from wild-type with those of small RNA mutants that promote telomere 291 stability in the absence of telomerase, such as dcr-1, rde-4, mut-7, mut-14, and found 292 that levels of telomeric siRNAs were sometimes depleted in these backgrounds, but not 293 always (File S1). 294
295
Given that telomeric siRNAs are rare in small RNA sequencing data sets, we 296 hypothesized that loss of telomerase might elicit production of telomeric siRNAs in a 297 manner that might depend on Dicer. We therefore isolated RNA from wildtype control, 298
trt-1 single mutant, and trt-1; dcr-1 double mutant strains and prepared small RNA 299 libraries. We sequenced these libraries deeply in an effort to detect rare telomeric 300 siRNAs. We obtained ~20,000,000 reads each for 6 data sets and found that our trt-1 301 dcr-1 data sets were strongly depleted of 22G RNAs that were previously reported to 302 depend on dcr-1 ( Figure S5A ) (Gent et al., 2010) . To assess TRT-1-dependent changes 303 in siRNAs throughout the genome, we counted the number of 22G reads mapping 304 uniquely antisense to protein-coding genes and found upregulation of siRNAs at 720 305 loci and downregulation at 456 loci in trt-1 animals compared with wild-type (Figure 306 S5B). Of the upregulated loci, 465 were not upregulated in trt-1; dcr-1 animals 307 compared with wild-type, indicating DCR-1 dependence. We did not find significant GO 308 terms in loci with either up or downregulated siRNA production. Given the importance of 309 both TRT-1 and siRNAs in germline function, we asked whether the loci with differential 310 siRNA production were enriched for germline-enriched genes. We used previously 311 published data on germline expression (Ortiz et al., 2014 ) and found significant 312 enrichment for germline-enriched genes in both upregulated and downregulated loci (p 313 < 1e-19 and p < 1e-33 respectively, Pearson's Chi Square test with Bonferroni 314 correction) ( Figure S5C ). This may reflect a form of epigenome dysregulation within 315 germ cells that occurs as a consequence of telomerase deficiency. siRNAs mapping to 316 transposons were unaffected by loss of TRT-1, with the exception of the CER-10 LTR 317 retrotransposon, for which siRNAs were three-fold downregulated ( Figure S5D) . 318
319
We detected no siRNAs composed of perfect telomere repeats in any genetic 320 background, but found some with up to 3 mismatches, whose levels did not change 321 substantially in siRNAs from trt-1 single mutants or trt-1; dcr-1 double mutants (Figure  322 4A). We next examined 22G RNAs at subtelomeric regions (defined as the 2kb of 323 sequence adjacent to the telomere) and found that these were present in wildtype 324 samples at the left end of chromosome III, and that their abundance was increased two- Chromosome IV and the right arm of Chromosome III showed a bias for subtelomeric 337 TERRA, suggesting that they were created from ARRET (p < 1e-11, p = 0.006 338 respectively, binomial test with Bonferroni correction) ( Figure 4F ). These observations 339 suggest that telomere dysfunction triggers the upregulation of small RNA biogenesis at 340 multiple subtelomeres, through both DCR-1-dependent and -independent mechanisms. 341
342
We next studied data sets of small RNAs that immunoprecipitate with HRDE-1 and 343 WAGO-1, Argonaute proteins that promote silencing in the germline, as well as with the 344 germline anti-silencing Argonaute CSR-1 (Table S3) genome, is immediately adjacent to this telomere (Wicky et al., 1996) , and it is therefore 357 possible that siRNA activity takes a predominantly anti-silencing function at this 358 chromosome end. We asked if either Argonaute that associates with telomeric or sub-359 telomeric siRNAs, WAGO-1 or to a lesser degree HRDE-1, promotes telomere 360 maintenance in the absence of telomerase and found that both wago-1 trt-1 and trt-1; 361 hrde-1 double mutants displayed rapid sterility phenotypes in comparison to trt-1 single 362 mutants (p < 1e-11 and p < 1e-12, respectively, log rank test) ( Figure 1E) . Although we failed to detect siRNAs with perfect telomere repeat sequence in our 367 siRNA data sets, these were present at very low levels in data sets generated by other 368 groups ( Figure 3D-F ) and could be difficult to detect for technical reasons. We 369 hypothesized that if loss of small RNAs directly targeting the telomere were responsible 370 for the rapid sterility in siRNA-deficient trt-1, then reintroduction of exogenous telomeric 371 siRNAs might rescue this phenotype. To address this experimentally, we used a viable 372 dcr-1 allele, mg375, which is deficient for endogenous siRNA production but is 373 hypersensitive to exogenous RNAi when fed E. coli expressing dsRNA (Welker et al., 374 2010). trt-1; dcr-1(mg375) double mutants that were passaged on bacteria expressing 375 telomeric dsRNA remained fertile significantly longer than those expressing dsRNA from 376 an empty vector control ( Figure 4A ). This delay of sterility did not occur for trt-1 single 377 mutant controls. Moreover, trt-1; dcr-1(mg375) strains fed telomeric dsRNA had 378 markedly reduced levels of DNA damage at F6 in comparison to trt-1; dcr-1(mg375) 379 strains grown on control RNAi or on regular OP50 bacteria that do not express dsRNA 380 (Figure 1F, 5C) . Figure 5B ) and showed reduced DNA damage and expression of moderate levels of 389 TERRA at F6 (Figures 5B, S5) . Moreover, trt-1; exo-1 double mutant controls remained 390 fertile even longer than trt-1 single mutants ( Figure 5B), indicating that EXO-1-mediated 391 resection promotes telomere-shortening-induced senescence in the absence of 392 telomerase, both at normal telomeres and at telomeres lacking siRNA-mediated 393 silencing. While trt-1; exo-1 double mutant controls remained fertile longer than trt-1 394 single mutants, this was not true for trt-1 single mutants grown on exogenous telomeric 395 dsRNA ( Figure 5A, B) . Thus, although loss of exo-1 rescues the rapid sterility 396 phenotype in small RNA-deficient telomerase mutants, resection by EXO-1 also likely 397 promotes telomere shortening in trt-1 single mutants independent of siRNA production 398 and telomeric heterochromatin structure. propose that EXO-1-mediated telomere resection is accompanied by expression of 466 TERRA and ARRET, resulting in low levels of dsRNA that would elicit Dicer recruitment 467 via RDE-4 to create a primary siRNA population that would be amplified by RdRPs to 468 create 22G RNAs that associate with WAGO-1 and HRDE-1 to promote telomeric 469 silencing (Figure 6) . 470
471
We did not detect any telomeric siRNAs lacking mismatches in our analysis of siRNAs 472 from telomerase mutants, nor could we identify Dicer-dependent telomeric siRNAs that 473 had mismatches. However, we did find that exogenous telomeric siRNAs were able to 474 complement the premature sterility of trt-1 dcr-1 mutants ( Figure 4A ). Together, our 475 results suggest that while telomeric siRNAs can promote telomere stability in the 476 absence of telomerase, that subtelomeric transcripts are templates for de novo 477 synthesis of endogenous siRNAs that are relevant to telomere repeat stability. siRNA-deficient trt-1 mutants is not a consequence of a defect in acute telomere 500 uncapping, but rather an acceleration of the onset of crisis. We speculate siRNA-501 mediated heterochromatin formation at telomeres modulates the stability of telomeres in 502 diverse organisms that maintain their telomeres via telomerase-mediated telomere 503 repeat addition. 504
505
Since most human somatic cells do not express telomerase, our findings may be 506 generally relevant to understanding how cells control the rate of telomere shortening in 507 the absence of telomerase through modulation of telomeric transcription and chromatin 508 either in the germ cells, in the early embryo or in adult somatic cells. Increased TERRA 509 expression and telomeric R-loops have been reported to associate with high levels of 510 DNA damage in ICF syndrome cells, which are deficient for DNA methylation at 511 repetitive segments of the genome, including telomeres, and undergo rapid telomere 512 shortening and senescence (Sagie et al., 2017) . As telomeric damage associated with 513 senescence can induce broad changes to chromatin and histone biosynthesis 514
(O'Sullivan et al., 2010), and our data suggest that the reverse may also be true; global 515 dysfunction of the epigenome, which may be a hallmark of human aging (Zhang et al., 516 2015), could elicit rapid telomere instability and irreversible damage in cells that are 517 deficient for telomerase. We propose that small RNAs could be generally relevant to 518 lncRNA-mediated heterochromatin formation at telomeres and possibly elsewhere in the 519 genome, such as loci that are subjected to parent-of-origin genomic imprinting (Holoch 520 and Moazed, 2015, Taylor et al., 2015) . 521 522 Finally, we note that the C. elegans secondary siRNA biogenesis factor MUT-7 (Figure  523 1A, B) is homologous to the exonuclease domain of human WRN1, which is commonly 524 mutated in Werner's syndrome and results in early-onset aging of multiple tissues. 525 WRN1 deficiency is accompanied by accelerated telomere erosion and senescence 526 phenotypes that can be rescued by telomerase expression (Shimamoto et al., 2015) . 527
While WRN1 and its homologs have been intensively studied for their roles in DNA 528 recombination, WRN1 was recently shown to safeguard the epigenomic stability of 529 heterochromatin (Zhang et al., 2015) . Our study suggests that Werner syndrome may 530 be explained, in part, by defects in siRNA-mediated heterochromatin silencing at 531 telomeres and elsewhere in the genome. 
Materials and Methods

538
Strains: Unless otherwise noted, all strains were maintained at 20°C on nematode 539 growth medium plates seeded with Escherichia coli OP50. Strains used include Bristol 540 N2 ancestral, wago-1(tm1414), trt-1(ok410), unc-29(e193), dpy-5(e61), dcr-1(mg375),  541   hrde-1(tm1200), rde-1(ne219), rde-4(ne299), rrf-3(mg373), rrf-2(ok210), eri-1(mg366) , 542
mut-7(pk204), mut-7(pk720), mut-14(pk738), rbr-2(tm1231), spr-5(by101), xnp-543
1(ok1823), xnp-1(tm678), hpl-1(tm1624), hpl-2(ok916), hpl-2(tm1479), exo-1(tm1842). 544
A trt-1 unc-29 double mutant, where unc-29 is tightly linked to trt-1, was used to create 545 strains used in this study. Double, triple and quadruple mutants were created using 546 standard marker mutations and verified based on phenotype or genotype. 547 DAPI staining: One-day-old adults were washed twice in M9, soaked in 150 µL of 548 400ng/mL DAPI in ethanol solution for 30 min or until evaporated, rehydrated in 2 mL of 549 M9 solution overnight at 4°C, and mounted in 8 µL VECTASHIELD mounting medium 550 (Vector Laboratories). Chromosome counts were performed under 60x magnification 551 and a 359nm excitation wavelength using a Nikon Eclipse E800 microscope. 552 qPCR: Non-starved mixed-stage worms were washed with M9 and RNA was extracted 553 using 1 mL TRIZOL according to the manufacturer's instructions. For RT-PCR analysis, 554 total RNA was treated twice with DNase I and was reverse transcribed with act-1 and a 555 telomere-specific primer ((GCCTAA) 3 ) using SuperScript II reverse transcriptase 556 Analysis of high throughput sequencing data: Publicly available RNA-seq datasets were 614 download from the Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) (see 615 table X for library information). Adapter trimming was performed as required using the 616 bbduk.sh script from the bbmap suite3 and custom scripts (Bushnell, 2016) . Reads were 617 then filtered for 22G species or all species between 18 and 30 nucleotides in length 618 using a custom python script. Reads were then converted to fasta format and mapped 619 to the C. elegans genome (WS251) using bowtie (Langmead et al., 2009 ) with the 620 following options: -M 1 -v 0 -best -strata. Uniquely mapping siRNAs were detected by 621 replacing the -M 1 parameter with -m 1. To detect telomere-mapping sRNAs, reads 622 were mapped to seven repeats of perfect telomere sequence (TTAGGC), allowing for 623 zero mismatches. Unmapped reads were re-mapped to the telomere sequence, this 624 time allowing for one mismatch. This step was repeated to detect reads that map to 625 telomeres with two or three mismatches. Genes with differential siRNA abundance in trt-626 1 were identified using DESeq2 (Love et al., 2014) . To detect changes in the 627 abundance of subtelomeric siRNAs in trt-1 and trt-1; dcr-1, 22G reads mapping to the 628 2kb of sequence adjacent to the telomere were counted for each chromosome arm. 629
Counts were normalized by dividing by the total number of mapped reads for each 630 library. A pseudocount of 1 was added to each normalized value to avoid division by 631 zero errors. Replicates were averaged and the log2-fold change between mutant and 632 wild-type was calculated for each subtelomere. Analysis of sequencing data was 633 performed using the R statistical computing environment (Team, 2017) . Genome 634 regions were visualized using the Gviz R package (Hahne and Ivanek, 2016) . 635
Immunoprecipitation datasets were used in Figure 3G , H but were excluded from the 636 analysis shown in Figure 3D -F. To detected siRNAs targeting transposons, 22G reads 637 were mapped to the C. elegans transposon consensus sequences downloaded from 638
Repbase with bowtie, allowing for up to two mismatches. 639
ChIP-seq reads were mapped to the genome as fastq files as described above without 640 the size filtering step. Read coverage was calculated at each base using bedtools 641 wildtype and single mutant strains using a telomeric probe. 1035
